Abstract. Deteriorated concrete structures are repaired by means of grouting. In order to evaluate the repair effectiveness two NDT techniques namely seismic tomography and acoustic emission are applied. Using traveling time of elastic waves, structural velocity is estimated. AE activity is monitored along with water pressurization of the permeability test. As a result, contrary to the common expectation that the velocity increase after filling with grouting agent, enormous amount of velocity drop was obtained after repair due to the incomplete developing process of grout material, whereas AE activity showed dramatic decrease after repair. Furthermore after comparison of those results to the quantity of grouting material, it became clear that damage indices based on AE activity exhibited well the actual damage of concrete structures.
Introduction
A water intake diversion facility was constructed 70 years ago in a cold region of Japan. Concrete piers supporting the rolling gate, the most crucial part of the facility, showed deterioration. Referring to the repair record of the facility, both sides of the pier to the depth of 20 cm were replaced with new concrete 20 years ago since macroscopic surface cracks were developed resulted from freezing and thawing. Recently the surface degradation became critical again; and therefore damage investigation was performed by means of core sampling. Two serious damaged areas were observed: at the boundary between the old and the replaced concrete, and in the internal area of the pier owing to a large amount of voids, pieces of wood and cobblestone. Grouting with injection cement was used for repair and to confirm the repair work NDT was conducted. The present paper describes the applicability of NDT to evaluate the repair effectiveness. 
Repair technique
In this paper, two piers named Pier 1 and Pier 2 are introduced. Two types of grouting were used: (i) vertical grouting to fill the internal damaged areas; and (ii) horizontal grouting to fill the interface between the old and replaced concrete along both sides. Specifically a vertical borehole with 50 mm diameter was carried out only for Pier 1, whereas many horizontal boreholes with 20 mm diameter from both bank sides, excavated only to shallow depth ranging from 800 to 1000 mm, were conducted both in Pier 1 and Pier 2. The arrangement of the boreholes can be seen as in Fig. 1 .
NDT monitoring. In order to verify the repair effect before and after repair seismic tomography and acoustic emission were performed. Through seismic tomography, velocity representing each divided cell, can be reconstructed from P-wave traveling time and from the velocity difference between before and after repair, expected to reveal increase, repair effect can be quantified (Shiotani et al., 2005a) . AE activity with reference to the structural behavior, damage can also be quantified with such indices as RTRI and Calm ratio (Luo et al., 2004) , and even in cases where those are difficult to apply AE peak amplitude distribution can give a reasonable solution to the damage characterization (Shiotani et al., 2005b) .
Seismic tomography. Seismic tomography needs both excitation and detection of elastic waves. Those were performed with: a hammer drill edged with several curvatures of 10, 20 and 30 mm in radius; and piezoelectric accelerometers (SAF51, Fuji Ceramics Corp.), respectively. The curvature has been changed to examine the relation between resulted velocities and the upper range of excited elastic wave frequency (see Sansalone & Street, 1997) . The present paper only shows the result of 30 mm in radius (others can be seen in Shiotani and Aggelis, 2006) . Fig. 2 shows the arrangement of accelerometers in Pier 1 during the tomography. 16 channels of accelerometers were prepared, in which one plays as a trigger sensor and the other 15 as receive sensors. The receive sensors are placed vertically in line, with equal space of 500 mm on one lateral side, while on the opposite side excitation was performed by a hammer drill, together with a trigger sensor. The continuous hammering was excited for 10 seconds with 30 Hz repetition, resulting in about 300 waveforms. Using the 300 waveforms waveform stacking was conducted to enhance the first motion of the signal. The traveling time was read this way, followed by input into a suitable tomography program (see Kobayashi et al., 2006) . With seismic tomography the 
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velocity structure of the pier was reconstructed in two different sections, namely upper current section and lower current section (see Fig. 2 ).
Acoustic emission. To study if the grouting filled the cracked or void areas, permeability tests were carried out by means of water-pump. AE monitoring was conducted during the application of water pressure. As shown in Fig. 3 , 6 sensors on one side, totally 12 sensors on both sides, and 3 sensors on back current side were set up with 1.5 m spacing. The permeability of concrete was monitored in intervals of one meter in depth, together with AE monitoring (see Fig. 3 for AE sensor array). The AE signals detected with AE sensors (R6I, PAC) were amplified by 40 dB and the signals over 40 dB were acquired for their AE parameters as well as waveforms by DISP AE system (PAC).
Results
Seismic tomography. Fig. 4a and b show tomograms before and after repair for Pier 1. The average velocity revealed 3605 m/s before and decreased to 3107 m/s after repair. The velocity drops were observed mainly around the center of the pier. Post follow-up studies showed that the larger the amount of grout injected, the larger the velocity difference became (Aggelis & Shiotani, 2006a) . Velocity decrease after injecting grout material was found for Pier 2 as well (see c and d in the chart). For Pier 2, however, since only horizontal grouting was performed, the velocity difference was predominantly obtained along the side. The authors have clarified the velocity drop, using the multiple scattering theory (Aggelis & Shiotani, 2006a , 2006b . Briefly the lower mechanical properties of grouting materials than that of the concrete injected results in the velocity decrease. The estimation procedure for the velocity after the completion of hardening in the grout material can also be found in the aforementioned literature.
In this paper, however, it can be only said that from the conventionally estimated velocity, the repair effect could not be evaluated from velocity variation.
Acoustic emission. Since no AE sources were identified by the source location algorithm, herein the repair effect is discussed with AE hit activity. For Pier 1, Fig. 5a shows accumulated AE hits for each depth for the left bank side (right) and rear side (left). Especially for the left bank side total AE hits of two allocated sensors at the same height are depicted with horizontal bars. In the chart the injected quantity of vertical grout is drawn as well. Before repair AE hit activity was intensively observed particularly below -9.0 m. In these depths a complicated and well-evolved surface crack system was observed, as well as water leakage from some macroscopic cracks among those. (see bold lines in the figure) , causing a large number of AE hits. A large amount of grout was injected vertically in those depths, implying that the macroscopic cracks were filled with the injection cement. AE activity after repair revealed decrease e.g., from 5149 hits to 348 at -12 m and from 11903 to 602 at -9.0 m. The 
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same trend as AE hit decrease between before and after repair could be found in the rear view (see the left graph in the figure) . The result for Pier 2 is shown in Fig. 5b . Steep changes of AE activity between before and after repair were only derived around the middle height of monitoring range where 377 hits before decrease to 57 after at -5.75 m and 320 to 75 at -7.25 m (see the right chart in Fig. 5 ). No correlation between the AE activity and the quantity of injected horizontal grout was observed.
From here on, two damage indices namely Load ratio and Calm ratio are introduced to discuss the structural integrity. Briefly the larger Load ratio shows healthier state than the smaller while large values of Calm ratio show more damaged state than small one. The former was obtained based on the onset of AE appearance as a function of structural behavior and the latter was calculated from AE activity during the unloading against AE activity during a whole process (The JSNDI, 2000) . Fig. 6a shows AE hits activity during the permeability test at -4 to -5 m in depth (at -4.5 m in Fig. 5 ). It is noted that all obtained AE hits are accumulated. For simplicity the X coordinate exhibits percentage by the maximum water pressure of 0.5 MPa i.e., the Load ratio can be read from the horizontal value showing the onset of AE activity. In Pier 1 before repair, with a slight pressure of 6.2% AE started, while after repair the onset of AE hits shifted to the larger value of 25.2%. In Pier 2, however, no remarkable change was obtained even after repair i.e., 25.5% before to 29.5% after repair. These results lead to two important facts: (i) Pier 1 was damaged but sufficiently reinforced; while Pier 2 was in acceptable damage state even before repair and a slight recovery was obtained after repair. 
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In Fig. 7a , AE hit activity of Pier 1 during both processes of water pressurization and its reduction is shown. Calm ratio was obtained from the ratio of the number of AE hit during the reduction process of water pressurization to that during the whole process. Since the resulted Calm ratio standing at 0.11 before increased at 0.35 after repair, recovery due to repair could not be assumed by the Calm ratio. For Pier 2, improvement after repair could not be obtained from Calm ratio, either (see Fig.7b ).
All derived ratios in the depths from both piers are plotted in Fig.8 . The plots were expansively distributed over the chart, however, from the average of Load ratio a large difference was appeared in Pier 1 between before and after while only a slight difference was obtained in Pier 2. The figure also suggests that Calm ratio seems less sensitive to repair effect than Load ratio.
Discussion
Repair effect from AE hit activity. From the AE activity of Pier 1, a large amount of AE hits decrease was found in deeper areas, and in those areas considerable quantity of grout was injected; For Pier 2, although the AE hits tended to decrease after repair, the amount of hits decreased was not that large as in Pier 1, and the quantity of grout did not correlate to the variation of AE activity, either. Here it should be reminded that two directions of grouting were performed in Pier 1, whereas only grouting in a horizontal direction was conducted in Pier 2. Furthermore the vertical grouting employed the larger diameters borehole than that of the horizontal, resulting in increased quantity of injected grout (see the maximum value in Fig. 5 ) in Pier 1 in comparison with Pier 2. Those all attributed to the difference in AE activity between Pier 1 and Pier 2, suggesting greater repair effect in Pier 1 than Pier 2. It should also be mentioned about the number of AE hits after repair for the piers. Specifically in Pier 1, the steep change was obtained in the number of AE after repair, stands at 602 and 348 at -9.0 and -12.0 m, respectively, while Pier 2 showed 133 hits at the maximum. This implies that although recovery rate was estimated small for Pier 2, it showed healthier than Pier 1. Repair effect/recovery rate, and present health status should thus be considered from different points of view. 
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Repair effect from AE related damage indices. The above assumption can also be followed by AE related damage indices. As shown in Fig. 8 , a large amount of increase in Load ratio was obtained in Pier 1 while only a slight increase in Pier 2. For the recovery effect due to repair, Pier 1 was thus obviously superior to Pier 2. However, from the objective view on soundness, Pier 2 was healthier even in original state (see the average before in Pier 2) than Pier 1 after repair, contrary to the recovery rate.
Conclusion
In cases that structural integrity could not be evaluated with seismic tomography, AE activity showed remarkable agreement with actual damage condition. Damage indices obtained from AE activity could provide both on the recovery rate and the damage condition. 
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